Abstract Mefloquine is an effective and widely used anti-malarial drug; however, some clinical reports suggest that it can cause dizziness, balance, and vestibular disturbances. To determine if mefloquine might be toxic to the vestibular system, we applied mefloquine to organotypic cultures of the macula of the utricle from postnatal day 3 rats. The macula of the utricle was micro-dissected out as a flat surface preparation and cultured with 10, 50, 100, or 200 lM mefloquine for 24 h. Specimens were stained with TRITC-conjugated phalloidin to label the actin in hair cell stereocilia and TO-PRO-3 to visualize cell nuclei. Some utricles were also labeled with fluorogenic caspase-3, -8, or -9 indicators to evaluate the mechanism of programmed cell death. Mefloquine treatment caused a dose-dependent loss of utricular hair cells. Treatment with 10 lM caused a slight reduction, 50 lM caused a significant reduction, and 200 lM destroyed nearly all the hair cells. Hair cell nuclei in mefloquine-treated utricles were condensed and fragmented, morphological features of apoptosis. Mefloquinetreated utricles were positive for the extrinsic initiator caspase-8 and intrinsic initiator caspase-9 and downstream executioner caspase-3. These results indicate that mefloquine can induce significant hair cell degeneration in the postnatal rat utricle and that mefloquine-induced hair cell death is initiated by both caspase-8 and caspase-9.
Introduction
Malaria is a serious infectious disease caused by plasmodium parasites and spread by mosquitoes. Malaria is most common in developing countries in tropical and subtropical regions in parts of the Americas, Asia, and Africa (Russell 1956; Angus 2001) . Malaria is a serious health concern for military personnel and travelers entering infectious regions of the globe (Chen et al. 2006; Tepper et al. 2007; Sauvet et al. 2009; Schmid et al. 2009 ); however, small outbreaks of locally acquired, mosquito-transmitted malaria also occur in developed countries (Filler et al. 2006) . A number of antimalarial drugs are used prophylactically against or as a treatment for malaria (Nyunt and Plowe 2007; Dow et al. 2008; Carmargo et al. 2009 ). Mefloquine (Lariam Ò ), a structural derivative of quinine, but less toxic, is highly effective against many types of malaria and is the drug of choice because of its long half-life that requires less frequent dosing (Dow et al. 2004 ). However, mefloquine has been reported to cause neurological side effects such as depression, nausea, nightmares, fatigue, anxiety, hearing loss, dizziness, and vertigo (Phillips-Howard and ter Kuile 1995; Fusetti et al. 1999; Jha and Kumar 2006; Wise and Toovey 2007) . Mefloquine prophylaxis causes severe CNS disturbances in roughly 1 in 10,000 patients whereas mefloquine therapy produces serious CNS problems ranging from 1:200 to 1:1200 (Phillips-Howard and ter Kuile 1995) . In addition, a single oral dose of mefloquine-induced behavioral and motor disturbances and degeneration in brainstem nuclei of rats; many of these changes were associated with plasma concentrations of mefloquine similar to those observed in human (Dow et al. 2006) . The difficulties traversing a bean in this study were attributed to proprioceptive impairments, but could also arise from vestibular disturbances. Aggression and convulsion have been observed in mice treated with 300 mg/kg (Fletcher and Shepard 2003) .
Although reports are infrequent, mefloquine has been suggested as being ototoxic based largely on case reports where it has been associated with hearing loss, tinnitus, vertigo, and dizziness in patients (Roland and Rutka 2004) . Three cases of high-frequency hearing loss and tinnitus were reported after mefloquine prophylaxis; tinnitus persisted in all three patients and only one reported hearing recovery after terminating treatment (Fusetti et al. 1999) . Another case of severe temporary hearing loss and tinnitus was reported after a single 250 mg dose of mefloquine prophylaxis (Wise and Toovey 2007) . Approximately 26% of travelers undergoing mefloquine prophylaxis reported vertigo, nausea, and headaches raising the specter of vestibulotoxicity (Mizuno et al. 2006) . Vertigo, nausea, and headaches were also the most common complaints in a well controlled clinical study using prophylaxis doses of mefloquine (Kollaritsch et al. 2000) . In another study with 22 health volunteers taking a therapeutic dose (1250 mg/day), 96% developed vertigo; those suffering from severe, grade 3 vertigo (73%) required bed rest and medication for 1-4 days. Patient symptoms resolved 3 weeks after cessation of treatment (Rendi-Wagner et al. 2002) . While some clinical reports suggest that mefloquine may be toxic to the inner ear, few laboratory studies have evaluated its toxic effects on the sensory cells or neurons of the inner ear. Using zebrafish larvae to screen for ototoxicity with more than a 1000 FDA approved drugs, mefloquine was identified as toxic to hair cells in lateral line sensory organ (Chiu et al. 2008 ). More recently, using postnatal cochlear organotypic cultures, we reported that mefloquine concentrations exceeding 10 lM resulted in a dose-dependent loss of cochlear hair cells and spiral ganglion neurons ). Given that mefloquine has been reported to cause vertigo and nausea in patients, we carried out additional studies to evaluate the vestibulotoxic effects of mefloquine on hair cells in the maculae of the utricle.
Methods

Vestibular Organotypic Cultures
Our procedures for preparing postnatal cultures of the vestibular sensory epithelia have been described previously (Ding et al. 2002a; Zhang et al. 2003a) . F344 rats were decapitated on postnatal days 3 or 4; the macula of the utricle was carefully dissected out and the otoliths overlying the macula were carefully removed. A 15 ll drop of rat-tail collagen was placed on a 35 mm culture dish (Falcon 3001, Becton Dickinson) and allowed to gel. Type I rat-tail collagen (Collagen, BD Biosciences) was mixed with 109 basal medium Eagle (BME, Sigma) and 2% sodium carbonate in a 9:1:1 ratio prior to use. Then 1.2 ml of serumfree BME, containing serum-free supplement (Sigma), 1% bovine serum albumin, 2 mM glutamine, 5 mg/ml glucose, and 10 U/ml of penicillin was added to the culture dish. The utricular maculae were positioned on the collagen as a flat surface preparation and held in place by surface tension from the thin layer of culture medium. Explants were placed in an incubator (Forma Scientific 3029, 37°C, 5% CO 2 ) for 24 h. On the second day the medium was replaced with fresh control medium or medium containing 10, 50, 100 or 200 lM mefloquine (Sigma M-2319) and cultured for another 24 h. Controls and mefloquine-treated samples were run concurrently (n = 10/group). After 24 h treatment, the cultures were fixed with 4% formaldehyde in 0.1 M phosphate buffer (pH 7.4) and stained with different methods as described below. Utricular maculae were mounted in glycerin on glass slides, cover slipped and evaluated by confocal microscopy.
Staining
After fixation, some specimens were stained with TRITCconjugated phalloidin (Sigma P1951, 1:200) in PBS for 30 min to label the stereocilia and cuticular plate of the hair cells, as described previously (Ding et al. 2002a ). To visualize the nuclei, some specimens were incubated for 20 min in a working solution of TO-PRO-3 as described in our earlier publications (Jamesdaniel et al. 2009; Zhou et al. 2009 ). To investigate the role of apoptotic signaling, cultures were labeled with cell permeable carboxyfluorescein caspase-3, -8, and -9 (Cell Technology Inc.) which preferentially label each of their respective activated caspase; labeling was carried out according to the manufacturer's recommendations as described in our previous descriptions (Qi et al. 2008; Zhou et al. 2009; Ding et al. 2010) . Specimens were incubated with one of the carboxyfluorescein caspases for 1 h at 37°C; afterwards the tissue was fixed with 4% formaldehyde in 0.1 M phosphate buffer (pH 7.4) for 24 h. After fixation, specimens were double or triple stained with phalloidin and/or To-Pro-3.
Confocal Microscopy
Specimens were examined with a confocal microscope and data acquisition software (LSM510, Zeiss) using filters appropriate for caspase (absorption: 488 nm, emission: 529 nm), TRITC (absorption: 543 nm, emission: 571 nm) or To-Pro-3 (absorption: 642 nm, emission: 661 nm) fluorescent probes. Images were processed offline with Advanced Imaging Microscopy software (version 4.0, Carl Zeiss) and Adobe Photoshop (version 5.0).
Quantification of Vestibular Hair Cell Loss
Specimens were examined with a microscope (Zeiss Axioskop) equipped with epifluorescence using filters appropriate for TRITC fluorescence (absorption: 543 nm, emission: 571 nm). The stereocilia bundles and the circumferential ring of the cuticular plate of the vestibular hair cells were heavily labeled with TRITC-conjugated phalloidin. To quantify hair cell loss in vestibular cultures, hair cell counts were obtained from a 0.01 mm 2 region in three standardized areas in each specimen. Hair cells were counted as normal if the stereocilia bundle was largely intact and considered as damaged if the stereocilia bundle was largely absent. Hair cell counts were obtained from six or more cultures for each experimental condition and the means and standard deviations calculated for each condition.
This research was approved by the University of Buffalo Institutional Animal Care and Use Committee in accordance with NIH guidelines.
Results
Mefloquine-Induced Vestibular Hair Cell Loss
The photomicrograph in Fig. 1a shows the normal vestibular hair cells in the macula of the utricle. TRITC-conjugated phalloidin intensely labeled the stereocilia bundle and the circumferential ring surrounding the hair cell cuticular plate allowing easy identification of hair cells. Adding 10 lM of mefloquine to the culture medium resulted in a slight reduction of hair cell density, some disorganization of the ciliary tufts and moderate fading of the hair cell circumferential ring (Fig. 1b) . Increasing the concentration of mefloquine to 100 lM resulted in considerable disarray of the stereocilia bundles and significant loss of staining of the hair cell circumferential ring (Fig. 1c) ; hair cell density was also greatly reduced. When the mefloquine dose was increased to 200 lM, nearly all the stereocilia bundles were missing (Fig. 1d) . The circumferential rings decorating the remaining cells were much smaller than normal.
To quantify the hair cell loss induced by different doses of mefloquine, hair cells were counted in three separate regions (0.01 mm 2 ) of the macula of each utricle and the values from each specimen averaged. Figure 2 shows the mean (n = 6/group) hair cell density in normal and mefloquine-treated macula of the utricle. In normal control maculae, the hair cell density was 65.2 cells per 0.01 mm 2 . Treatment with 10 lM mefloquine reduced hair cell density to 57.7 cells per 0.01 mm 2 . Increasing the dose to 50 lM reduced the hair cell density to 28.3 cells per 0.01 mm 2 . When the mefloquine dose increased to 100 lM, the hair cell density declined to 26.3 cells per 0.01 mm 2 and when the dose increased to 200 lM, hair cell density declined to 5.2 cells per 0.01 mm 2 . A oneway analysis of variance showed that the effect of mefloquine treatment was statistically significant (F = 33.27, P \ 0.001). A Tukey's post hoc multiple comparison indicated that hair cell densities with the 50, 100, and 200 lM doses of mefloquine were significantly different from control (0 lM) (P \ 0.05). Hair cell densities for 50 and 100 lM were significantly different from 200 lM (P \ 0.05) and hair cell density for 10 lM was significantly different from 50, 100, and 200 lM (P \ 0.05).
Mefloquine-Induced Apoptotic Changes in Vestibular Hair Cells
Two prominent anatomical features of cells undergoing programmed cell death are nuclear shrinkage and fragmentation (Lang and Liu 1997; Sidhu et al. 1997) . To determine if mefloquine-induced hair cell death was occurring by apoptosis, specimens were labeled with TO-PRO-3 to visualize the nuclei (n = 3/group). Figure 3a shows the characteristic shape of cell nuclei from a normal utricle; the nuclei are large and round characteristic of healthy cells. Figure 3b shows the typical shape of nuclei from a utricle treated with 50 lM mefloquine for 24 h. After mefloquine treatment, the nuclei of many cells were darkly stained and severely shrunken or fragmented, morphological features of cells undergoing apoptosis.
To determine if programmed cell death was caspase mediated, mefloquine-treated vestibular cultures were labeled with cell permeable, fluorogenic probes that specifically label caspase-3, -8 or -9 (n = 3/group). In normal cultures of the utricle, large, round nuclei were present throughout the macula and there was no activation of caspase-3 (Fig. 4a) or caspase-8 or -9 (data not shown). However, after 24 h treatment with 50 lM mefloquine, the cell nuclei in the maculae of the utricle were shrunken and fragmented ( Fig. 4b-d) and there was extensive labeling of extrinsic, initiator caspase-8 (Fig. 4b) , the intrinsic, initiator caspase-9 (Fig. 4c) , and the downstream executioner caspase-3 (Fig. 4d) , caspase-9 (Fig. 4c) .
Discussion
Clinical reports and the manufacturer's drug insert suggest that mefloquine (Lariam Ò ) may cause vertigo and vestibular disturbances (Phillips-Howard and ter Kuile 1995; Rendi-Wagner et al. 2002; Roche 2003) . In addition, mefloquine is known to destroy hair cells in the Zebrafish lateral line organ (Chiu et al. 2008 ). However, we are unaware of any experimental data directly linking mefloquine treatment to damage of the mammalian vestibular sensory epithelium. The results presented here are the first to demonstrate the vestibulotoxic effects of mefloquine in postnatal organotypic cultures of the maculae of the utricle. Mefloquine-induced vestibular hair cell damage in a dosedependent manner (Fig. 2) . Treatment for 24 h with 50 lM mefloquine caused a significant (57%) loss of hair cells; increasing the dose to 200 lM resulted in nearly 100% hair cell loss.
The doses of mefloquine that induced significant hair cell damage in our study are comparable to the levels of mefloquine observed in various regions of the brain (27-111 lM) when rats were treated with 50 mg/kg/day A one-way analysis of variance showed a significant effect of treatment (P \ 0.001). Tukey's post hoc analysis indicated that 50, 100, and 200 lM were significantly different (P \ 0.05) from control (0 mM); 10 mM was significantly different (P \ 0.05) from 50, 100, and 200 mM, and 200 lM was significantly different (P \ 0.05) from 50 to 100 lM of mefloquine (Baudry et al. 1997) . When mefloquine is used as a treatment for malaria, a single dose of 1250 mg is given; this corresponds to 25 and 12.5 mg/kg for humans weighing 50 and 100 kg, respectively (Dow et al. 2006) . After applying a species scaling factor of 6 to go from human to rats, the corresponding treatment dose for rat would scale up to 75 and 150 mg/kg. These treatment doses in rats would produce concentrations in the brain comparable to those used in our organ cultures.
Thus, the doses used in our organ cultures seem clinically relevant.
Apoptosis
The 50 lM dose of mefloquine caused significant nuclear shrinkage and nuclear fragmentation, classic morphologic features of programmed cell death (Lang and Liu 1997; Sidhu et al. 1997) . Nuclear swelling, a morphologic feature Fig. 3 Photomicrographs of surface preparations from the maculae of utricle stained with TO-PRO-3. a TO-PRO-3 labeled nuclei of hair cells and supporting cells in control maculae are large and round (arrowheads). b Many nuclei the hair cells and supporting cells in macula treated with 50 lM mefloquine are shrunken and fragmented (arrows); many areas devoid of TO-PRO-3 labeling Fig. 4 Maculae of utricle double-labeled with TO-PRO-3 (red, large round, arrowhead) and fluorogenic probes against caspase-3, -8 or -9 (green, around nuclei). a Normal macula shows large round nuclei labeled with TO-PRO-3 (red, arrowhead); note absence of executioner caspase 3. b Macula treated for 24 h with 50 lM mefloquine. Cell nuclei (red, arrows) are shrunken and fragmented; note intense cytoplasmic, green labeling of extrinsic, initiator caspase-8 present throughout much of the macula. c Macula treated for 24 h with 50 lM mefloquine. Note shrunken and fragmented nuclei (red, arrows); widespread labeling of intrinsic, initiator caspase-9. d Macula treated for 24 h with 50 lM mefloquine. Note severely, shrunken and fragmented nuclei (red, arrows); extensive labeling of executioner caspase 3 surrounding shrunken nuclei (Color figure online)
Neurotox Res (2011) 20:51-58 55 of necrotic cell death, was not observed in mefloquinetreated vestibular cultures (Morrison et al. 2002) . Thus, the primary pathway for mefloquine-induced cell death in our organotypic cultures appears to be apoptotic. Caspases, a family of cysteine-aspartic proteases, appear to play a major role in mefloquine-induced cell death in vestibular hair cells. Mefloquine activated both initiator caspase-8 and initiator caspase-9 both of which lead to downstream activation of executioner caspase-3 (Beer et al. 2001; Cowan et al. 2001; Ding et al. 2002b; Zhang et al. 2003b; Meller et al. 2006) . These results are consistent with mefloquine's ototoxic effects on cochlear hair cells ). Early activation of caspase-8 suggests the engagement of death receptors on the cell's membrane with specific ligands such as FADD, TRADD, Fas or tumor necrosis factor (TNF) (Lin et al. 1999; Ding et al. 2007 ). The early activation of intrinsic caspase-9 is associated with the release of cytochrome c from damaged mitochondria which subsequently interacts with apoptosis protease activating factor, Apaf-1, causing self-cleavage and activation of caspase-9 (Bratton et al. 2001; Henshall et al. 2001) . Our results show that downstream executioner caspase-3 is activated leading to cell death. Although the 10 lM dose of mefloquine caused a slight reduction in vestibular hair cell density, only doses of 50 lM or more caused a significant decrease in hair cell density (Fig. 2) . These results suggest that the ''threshold dose'' of mefloquine that is toxic to vestibular hair cells is somewhere between 10 and 50 lM under the culture conditions employed here. In our study, 50 lM of mefloquine destroyed 57% of vestibular hair cells (Fig. 2 ) whereas in our earlier study of the organ of Corti, the same dose destroyed approximately 90% of cochlear hair cells ). The implications of these findings are that that mefloquine is slightly more toxic to cochlear hair cells than vestibular hair cells; however, the reasons for this are unclear.
Mechanisms
Mefloquine is a potent blocker of connexins which form gap junction proteins. Mefloquine blocked connexin 50 with an IC 50 near 1 lL and connexin 36 at an IC 50 of approximately 300 lM; both of these gap junctions are highly expressed in the brain (Cruikshank et al. 2004) . Thirty millimolar of mefloquine almost completely blocked connexin 26 which is highly expressed in the vestibular system (Masuda et al. 2001; Todt et al. 2005) . Thus, mefloquine blockade of gap junction proteins represents one potential trigger for initiating cell death in the vestibular system. Mefloquine is also a potent blocker of L-type calcium channels (Coker et al. 2000) which are expressed in the vestibular system (Bao et al. 2003; Almanza et al. 2007 ). Blockade of L-type calcium channels represents a second pathway for initiating cell death. Finally, mefloquine and related anti-malarial drugs such as quinine and chloroquine, generate toxic reactive oxygen and nitrogen species which could induce cell death (Clerici et al. 1996; Park et al. 2004; Park et al. 2008; Hood et al. 2010) .
High doses of mefloquine have been shown to cross the blood-brain barrier and to cause neurotoxicity in rats and to damage to the nucleus gracilis, nucleus cuneatus and solitary tract; these effects were seen with plasma concentrations in the rat that are in the clinical range for humans (Dow et al. 2006 ). While our results clearly indicate that mefloquine is toxic to vestibular hair cells in postnatal day 3 vestibular organ cultures, it remains to be seen whether it is toxic in vivo either in postnatal or adult animals. However, there have been several reports of hearing loss, tinnitus and dizziness in patients taking clinically relevant doses of mefloquine (Karbwang et al. 1994; Phillips-Howard and ter Kuile 1995; Fusetti et al. 1999; Wise and Toovey 2007) ; however, other studies have failed to identify hearing and vestibular problems in healthy volunteers (Carrara et al. 2008) . On the other hand, certain patients being treated with mefloquine may be more susceptible to adverse effects because of other medical problems, genetic predisposition or concomitant drug treatments (Karbwang et al. 1994 ; Phillips-Howard and ter Kuile 1995; Pussard et al. 2007; Thompson et al. 2007 ).
Our results clearly show that mefloquine begins to damage vestibular hair cells at doses at low a 10 lM and causes significant hair cell damage at 50 lM. Our results are consistent with previous studies showing that 24 h treatment with 10 lM mefloquine causes significant loss of cultured cortical neurons and 50 lM leads to nearly 100% neuronal loss (Hood et al. 2010) ; these changes were associated with increases in oxidative stress. In addition, the doses at which mefloquine begins to damage vestibular hair cells are in the same range known to block connexin 26, a gap junction protein expressed in the vestibular system. Mefloquine vestibulotoxicity in vivo will depend on many factors such dose and duration of treatment and uptake of the compound across the blood-brain barrier. These results raise the possibility that high dose, long term treatment with mefloquine might be vestibulotoxic in adulthood or prenatally.
